In black carbon (BC) measurements obtained using the filter-based optical technique, artifacts are a major problem. Recently, it has become possible to correct these artifacts to a certain extent by using numerical methods. Nevertheless, all correction schemes have their advantages and disadvantages under field conditions. In this study, 5 a new correction model that can be used for determining artifact effects on BC measurements was proposed; the model is based on two different light attenuation (ATN) increasing rates. Two aethalometers were used to measure ATN values in parallel at aerosol sampling flow rates of 6 and 2 L min −1 . In the absence of sampling artifacts, the ratio of ATN values measured by the two aethalometers should be equal to the 10 ratio of the sampling flow rates (or aerosol deposition rates) of these two aethalometers. In practice, the ratio of ATN values measured by the two aethalometers was not the same as the ratio of the sampling flow rates of the aethalometers because the aerosol loading effects varied with the aerosol deposition rate. If the true ATN value can be found, then BC measurements can be corrected for artifacts by using the true 15 ATN change rate. Therefore, determining the true ATN value was the primary objective of this study. The proposed correction algorithm can be used to obtain the true ATN value from ATN values acquired at different sampling flow rates, and the actual BC mass concentrations can be determined from the true ATN change rate. Before BC correction, the BC concentration measured at the sampling flow rate of 6 L min by approximately 13 and 9 % in summer and winter seasons, respectively. After BC correction by using the true ATN value, the corrected BC for 6 L min . Field test results demonstrated that loading effects on BC measurements could be corrected accurately by using the proposed model. Additionally, the problem of enhanced light 25 ATN caused by light scattering at the unloaded filter can be overcome without using any light scattering coefficient. Therefore, the correction algorithm can be applied to a newly designed instrument to determine actual real-time BC concentrations by using 2852 Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | two sampling spots for different aerosol deposition rates. Moreover, a simple empirical correction scheme for post-processing for correcting the existed aethalometer BC data is also presented. While this simple correction scheme is dependent on the aerosol type, it can be used to correct BC data when the primary source of BC and the weather conditions are similar to those in this study. Furthermore, two existed aethalometers 5 with appropriate flow control can be used to create correction schemes suitable for different environments.
Introduction
Black carbon (BC) aerosols are produced by the incomplete combustion of carbonaceous fuels and are a crucial atmospheric constituent because of their potentially neg-10 ative effects on climate and health (Ramanathan and Carmichael, 2008; Suglia et al., 2008; Jacobson, 2010; Power et al., 2011; Cornell et al., 2012; Bond et al., 2013) . Hence, the measurement of BC has become increasingly crucial over the past decade in urban, rural, and background areas worldwide.
The most common method used to measure BC involves collecting aerosols on a fil-
15
ter and measuring the reduction in light transmission through the filter (Hansen et al., 1984) . The aethalometer (AE; Magee Scientific) is one of the currently available devices used for measuring BC, and it is based on the filter-based optical technique. This device has been used extensively to monitor environmental BC mass concentrations because it can be operated easily and offers high time resolution (Watson et al., 2005; 20 Park et al., 2006; Järvi et al., 2008; Chow et al., 2009; Cheng and Lin, 2013; Cheng et al., 2014) . In the aethalometer, an air sample is drawn through a filter and aerosols are collected on the filter. Subsequently, the decrease in light transmission through the aerosols on the filter is measured. A decrease in the transmission implies increased attenuation (ATN). It is assumed that any ATN increase is solely due to light absorption 25 by BC aerosols accumulated on the filter, and the BC concentration can therefore be calculated from the rate of ATN change. However, previous studies have shown that the relationship between ATN change and BC concentration is not linear because of several reasons, one of which is that both light-scattering and light-absorbing particles collected on the filter alter the internal reflection properties of the filter (Liousse et al., 1993; Petzold et al., 1997; Reid et al., 1998; Bond et al., 1999; Weingartner et al., 2003) . Measurement artifacts resulting from the nonlinearity of the aforementioned re-5 lationship have shown that because of the filter loading effect, the measured BC concentration decreases with an increase in the filter load, and the sample matrix effect causes scattering aerosols on the filter to increase the measured BC concentration. Recently, it has become possible to correct these artifacts to a certain extent by using numerical methods (Weingartner et al., 2003; Arnott et al., 2005; Virkkula et al., 2007; 10 Collaud Cone et al., 2010) . Nevertheless, all correction methods have their advantages and disadvantages under field conditions. For example, although both aerosol scattering and absorption coefficients are considered in some of these correction methods, most BC measurements performed using the aethalometer in the field do not simultaneously acquire aerosol scattering coefficients, which are necessary for use in correc-15 tion methods. Virkkula et al. (2007) proposed a simple procedure to correct the loading effects on aethalometer data without using the aerosol scattering coefficients. This procedure is based on the original measurement results of two continuous filter spots, and it is assumed that the BC concentration remains stable during the filter spot change and that the BC value measured with a lightly loaded filter is the closest to the real con-20 centration value. A correction factor is then determined for each filter spot to correct the BC data. However, the assumption that the BC concentration is stable in the ambient environment during the filter spot change is not always true. Järvi et al. (2008) showed that the sensitivity of the correction factor with a difference value of 0.001 could cause an error of approximately 4 % in the BC concentrations when the correction model of 25 Virkkula et al. (2007) is used. Moreover, the correction factor is not a constant value and is dependent on the density of the particles deposited on the filter.
Recently, a new generation aethalometer (AE33; Magee Scientific) based on a dualspot method has been developed to obtain different particle deposition rates for differ-ent sampling flow conditions (Drinovec et al., 2014) . This dual-spot method involves a real-time model for determining the temporal variation of a compensation parameter for the loading effect. Cheng and Lin (2013) noted that different sets of ATN measurement results could differ significantly because of different aerosol deposition rates resulting from differences in the sampling flow rates or aerosol deposition areas among 5 the used instruments. Therefore, a correction model for determining the artifacts on BC measurements based on different ATN increasing rates was developed in the current study. Two aethalometers were used to measure the ATN values at different aerosol sampling flow rates in parallel. In the absence of sampling artifacts, the ratio of the ATN values measured by these two aethalometers should be equal to the ratio of the sam-10 pling flow rates (or the aerosol deposition rates) of these two aethalometers. In practice, the ratio of the ATN values measured by these two aethalometers was not identical to the ratio of the sampling flow rates of these two aethalometers because of different aerosol loading effects resulting from different aerosol deposition rates. Hence, a simple algorithm, similar to the correction methods developed by Virkkula et al. (2007) and 15 Drinovec et al. (2014) , was used to determine the true ATN values. Field test results demonstrated that loading effects on BC measurements can be corrected accurately by using the proposed model. Moreover, the problem of enhanced light ATN because of light scattering at the unloaded filter can be overcome without using any light scattering coefficient. Field test results can also further provide users with a simple correction 20 scheme during post-processing for correcting existing aethalometer BC data.
Methods

Correction model
For measuring BC with the filter-based optical technique, the optical ATN is defined as where I 0 and I are the intensities of light transmitted through a reference blank spot and a spot of aerosol on the filter, respectively. The factor 100 is introduced for convenience. The ATN change in a time interval (dATN/dt) is used to estimate the BC concentration as follows:
where A is the area of the sample spot, Q is the sampling flow rate, and σ ATN is the black carbon optical mass cross section. Drinovec et al. (2014) showed that the loading effect on BC can be corrected by using the following equation, which is similar to that proposed by Virkkula et al. (2007) :
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where BC c and BC represent the corrected and measured black carbon concentration, respectively, and k is a correction factor. On the basis of the same principle as Eq. (2), the average BC (BC) from initial time t 0 (t 0 = 0) to time t can be expressed as
Then, Eq. (3) can be written as
where ATN c and ATN represent corrected and measured light ATN values, respectively. In practice, if the true ATN value can be found, then the artifact effect on the BC measurement can be corrected from the true ATN change rate (dATN/dt). Therefore, determining the true ATN value was the main objective of this study. According to the 20 Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | definition of light ATN, the ATN value is dependent on the amount of BC aerosol deposition. That is, different BC aerosol deposition rates can correspond to different ATN increasing rates. Nevertheless, the loading effect is a cumulative property of the cumulative deposit of aerosol on the filter, and it also directly influences the ATN measurement results. Therefore, different aerosol sampling flow rates in the same deposition 5 area could lead to different loading effects on ATN measurement results.
According to Eq. (5), the ATN correction equation at different flow rates can be expressed as
10 where ATN F1 and ATN F2 represent the ATN measured at sampling flow rates Q F1 and Q F2 , respectively. In the absence of the artifact effect, the ratio of true ATN values measured at two different flow rates should be equal to the ratio of the two different sampling flow rates:
where m BC,F1 and m BC,F2 represent the mass of black carbon aerosol deposited on the filter at sampling flow rates Q F1 and Q F2 , respectively. In this model, the correction factor k is assumed to be fixed for an ATN/Q value. Then, k can be solved using Eqs. (6)- (8):
Therefore, the temporal variation of k can be determined on the basis of two measured ATN values for different sampling flow rates. Subsequently, the true ATN value can be 2857 Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | obtained from Eq. (5). Moreover, the actual BC concentration can be determined from the true ATN change rate by using Eq. (2).
Sampling equipment and data collection
In this study, BC (or ATN) was measured using two aethalometers (AE31; Magee Scientific); one aethalometer was operated at a sampling flow rate of 6 L m
whereas the other was operated at a sampling flow rate of 2 L m −3
(Q F2 ). The filter tape in these two aethalometers was shifted automatically to expose a pristine spot on the filter at the same time every eight hours to ensure that the two sampling spots had a fixed starting and ending time of the sampling for internal comparison. The internal timer and sampling flow rate of the aethalometer were checked every week. The 10 sampling site was located on the campus of Ming Chi University of Technology at Taishan, New Taipei City, Taiwan. The main source of BC at this sampling site was traffic. Sometimes, wood combustion could be observed on the campus for waste wood disposal. During the sampling periods, the two aethalometers were positioned adjacent to each other in a sampling cabin and the inlets of both aethalometers were approxi-15 mately 2 m above the ground level outside the sampling cabin. The aethalometers were operated between 21 December 2013, and 24 January 2014 (winter season), and between 5 July 2014, and 26 September 2014 (summer season). The logging interval for all measurements was set at 5 min. The filter tape used was a quartz material filter (Pallflex Q250F), which was suggested by the aethalometer manufacturer. To avoid 20 water vapor condensing on the deposited aerosols in the summer season, a diffusion dryer with silica gel was installed on the sampling line. The silica gel was replaced every two days during sampling periods. When the diffusion dryer was not used, negative values could be observed in BC data sets at noon under conditions of high temperature and high relative humidity. Negative values were also recorded in BC data sets 25 when sampling was performed at very low ambient concentrations at midnight and early morning hours, especially at low sampling flow rates. If negative values appeared in the data set of a sampling spot, the entire data for the sampling spot was excluded 2858
Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | from further treatment. Local meteorological data such as temperature and relative humidity were recorded using a Vantage Pro 2 TM weather station (Davis Instruments). Table 1 shows the ambient temperature and relative humidity during the sampling periods. The average temperature during the summer season was significantly higher than that during the winter season by approximately 15
• C (p < 0.001). The average rela-5 tive humidity did not differ significantly between the summer and the winter seasons (p = 0.086). Before beginning field sampling, the performance of the two aethalometers was compared at the sampling site for two sampling flow rates, 6 and 2 L min −1 , for 2-3 days. The hourly measured results obtained using the two aethalometers are shown in Fig. 1 .
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The hourly average BC mass concentrations in units of nanogram per cubic meter were calculated using 5 min raw data. Statistical results indicated that the intercepts were −30.751 (95 % confidence interval (CI): −56.091 to −5.411) and −18.119 (95 % CI: −43.841-7.603) for the sampling flow rates of 6 and 2 L min −1 , respectively, and the intercepts were not considerably different from zero (p = 0.019 for 6 L min −1 and 15 p = 0.163 for 2 L min −1 ). The slopes determined for these two flow rates were 0.991 (95 % CI: 0.985-0.997) and 0.988 (95 % CI: 0.980-0.997), respectively, and the slopes were significantly different from 1.0 (p < 0.001 for both). These comparison results indicated that the performance of both aethalometers used in this study could be considered to be similar to each other. The measurement results demonstrated that the loading effect on the ATN value at short wavelengths was stronger than that at long wavelengths. After ATN correction using Eqs. (6)- (9), the ratio of the ATN F6 value to the ATN F2 5 value could fall to 3 : 1. That is, the true ATN values could be determined using the algorithms proposed in this study. Subsequently, the actual BC mass concentration could be estimated from the true ATN change rate. Before BC correction, the measured BC F6 was significantly smaller than the measured BC F2 by approximately 13 and 9 % in the summer and winter seasons (p < 0.001 for both), respectively. After BC correction 10 by using the true ATN value, the corrected BC F6 could be exactly equal to the corrected BC F2 . Figure 3 presents a comparison of BC corrected using the proposed model and that corrected using the correction model of Drinovec et al. (2014) . The correction model of Drinovec et al. (2014) is presented in Eq. (3), and the correction factor in this model can be easily estimated from the following equation on the basis of the 15 measurement results of BC and ATN at sampling flow rates of 6 and 2 L min −1 :
The corrected BC estimated using the model proposed in this study was comparable with that obtained using the correction model of Drinovec et al. (2014) By contrast, the k value determined using the proposed model approached a constant value steadily when the ATN value increased. The steady variation of the k value in the proposed model was due to k being determined from a cumulative ATN value, rather than an instant differential ATN value. 
Influence of light scattering behavior on unloaded filter
The relationship between measured ATN F6 and ATN F2 is shown in Fig. 2 , and it can be expressed as a power law relationship through measurement data fitting. On the basis of analytical results, the relationship between k and ATN/Q could be determined using Eq. (9) and the relationship between measured ATN F6 and ATN F2 , as shown 5 in Fig. 4 . Analytical results showed that the relationship between k and ATN/Q for sampling flow rates of 6 and 2 L min −1 was similar, especially for long wavelengths. This result indicated that the assumption of the k value being fixed for an ATN/Q value in the proposed model was reasonable. Analytical results indicated that the k value was negative at extremely small ATN/Q values. The k value increased rapidly as ATN/Q 10 increased, and then approached a constant value. Weingartner et al. (2003) noted that multiple scattering in the nearly unloaded fiber filter could enhance light absorption. Therefore, a negative k value could be observed at small ATN/Q values, which was reasonable in terms of the light scattering behavior of the nearly unloaded filter at a new sampling spot, especially at short wavelengths in the winter season. In this study, it was 15 found that with increasing aerosol load on the filter, the influence of the light scattering behavior of the filter matrix could be eliminated. When a sufficient amount of aerosol was sampled on the filter, k initially increased as a positive value and then decreased gradually and steadily to a constant value. These observation results indicated that the proposed model could overcome the problem of enhanced light ATN resulting from light 20 scattering at a new sampling spot, without using any light scattering coefficient.
Absorption Ångström exponent and emission source of black carbon
The absorption Ångström exponent α can be used as an index to determine the type of BC emission sources (Sandradewi et al., 2008) , and it is computed from the aerosol where b abs,λ=470 and b abs,λ=950 are the absorption coefficients of aerosol at 470 and 950 nm wavelengths, respectively. The absorption coefficient of aerosol can be determined from the change rate of ATN:
where C is a light enhancement parameter. It is associated with multiple scattering of the light beam at the filter fibers in the unloaded filter, and it is strongly dependent on the filter material (Weingartner et al., 2003) . In this study, C was set as 2.14 for the quartz filter (Weingartner et al., 2003; Drinovec et al., 2014) . Kirchstetter and Novakov (2004) noted that the absorption Ångström exponent value ranged between 0.8 and 1.1 for diesel soot. Day et al. (2006) showed that the absorption Ångström exponent values were between 0.9 and 2.2 for fresh wood smoke aerosol, which strongly depended on the type of wood and burning conditions. Sandradewi et al. (2008) also demonstrated that the absorption Ångström exponent val-15 ues were 1.1 and 1.8-1.9 for traffic and wood burning, respectively. A high absorption Ångström exponent value could be observed for wood combustion aerosol that is due to the compounds of the aerosol with strong absorption in the UV. However, the filter loading effect also strongly influences the calculation of the absorption Ångström exponent value. season. In the winter season, the absorption Ångström exponent value could be increased from 1.01±0.18 (estimated from measured ATN F6 ) and 1.10±0.20 (estimated from measured ATN F2 ) to 1.15 ± 0.24 (estimated from corrected ATN). The absorption Ångström exponent values computed using the ATN measured at the sampling flow rates of 6 and 2 L min −1 were relatively lower than those estimated from the corrected 5 ATN (p < 0.001 for both), indicating that the absorption Ångström exponent value could be significantly underestimated because of the filter loading effect. According to the estimated absorption Ångström exponent values, the primary emission source of BC at the sampling site was traffic.
Simple correction scheme for post-processing for correcting
10 black carbon data Despite the negative k value for small ATN/Q, the k value showed a power law relationship with ATN/Q for ATN/Q > 3 and 10 in the summer and winter seasons, respectively (Fig. 5) . Analytical results indicated that the k values could be predicted using the empirical equations presented in Table 3 . Furthermore, the existed data sets 15 of aethalometer AE31 could be post-corrected using these empirical equations for different sampling flow rates. First, the ATN values in existed data sets of aethalometer AE31 were divided by the sampling flow rate, and k was then estimated using the proposed empirical equations in Table 3 . Second, the corrected ATN was determined from Eq. (5) by using the determined k and measured ATN. Finally, the corrected BC could 20 be estimated from the change rate of the corrected ATN. It should be noted that the light scattering effect on the unloaded filer was neglected in the post-processing model. Figure 6 shows the relationship between (1 − k× ATN) and ATN at different sampling flow rates. Analytical results showed that the value of (1 − k× ATN) was significantly affected by the ATN and sampling flow rate. When the ATN was very small, the value of
25
(1 − k× ATN) approached 1.0. For different sampling flow rates, the (1 − k× ATN) value differed significantly for the same ATN conditions because of different aerosol deposition rates, indicating that the aerosol deposition density on the filter could influence the 2863 Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | extent of the aerosol loading effect on BC measurement results. Moreover, the aerosol loading effect on BC measurement results in the summer season was greater than that in the winter season by approximately 1-6 %, and it depended on the sampling flow rate. This difference between seasons could be because of differences in the composition, source, and age of aerosols, in addition to the different weather conditions. 5 Figure 7 presents the results of a comparison between 5 min BC concentrations measured at sampling flow rates of 6 and 2 L min −1 before and after correction. The BC was corrected using the proposed post-processing model. Results showed that the corrected BC F6 mass concentrations were not significantly different from the corrected BC F2 mass concentrations (p = 0.734 for summer; p = 0.594 for winter), indicating that 10 the post-processing model could be effectively used to correct BC data for the loading effect. Figure 8 presents the results of a comparison of BC corrected using the proposed postprocessing model and the correction model of Weingartner et al. (2003) . The correction 15 model developed by Weingartner et al. (2003) is widely used to correct BC data on the basis of the measured ATN value, and it can be expressed as
Comparison with a previous correction model
where f is a fit parameter dependent on the aerosol type. BC corrected using the 20 post-processing model was comparable with that corrected using the correction model of Weingartner et al. (2003) for f = 1.21 and 1.14 in the summer and winter seasons, respectively, at the sampling flow rate of 6 L min , BC corrected using the post-processing model was comparable with that Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | corrected using the correction model of Weingartner et al. (2003) for f = 1. 25 and 1.15 in the summer and winter seasons, respectively. However, BC corrected using the postprocessing model was slightly higher than that corrected using the correction model of Weingartner et al. (2003) (p ≤ 0.019), except for the sampling flow rate of 6 L min −1 in the winter season (p = 0.123). BC corrected using the correction model of Weingart-Weingartner et al. (2003) was higher than that corrected using the post-processing model for ATN > 20, especially for ATN > 50. Moreover, the parameter f in the correction model of Weingartner et al. (2003) is significantly dependent on the aerosol type, and it was difficult to determine from field sampling data.
Conclusions
15
This study developed a new method based on two different light ATN increasing rates to improve the measurement of aerosol black carbon. The proposed correction model can overcome the light scattering effect and aerosol loading effect on BC measurement results simultaneously, and it can be used in a newly designed instrument to determine the actual BC concentration in real time by using two sampling spots under different 20 aerosol deposition rates. Moreover, this study provided a simple empirical correction scheme for post-processing for correcting the existed aethalometer BC data. Although this simple correction scheme is dependent on the aerosol type, it can be used to correct BC data when the primary source of BC and the weather conditions are similar to those in this study. Moreover, two existed aethalometers under appropriate flow control 25 can be used to create correction schemes for different environments. 
